Biological rhythms that allow organisms to adapt to the solar cycle are generated by endogenous circadian clocks. In higher plants, many clock components have been identified and cellular rhythmicity is thought to be driven by a complex transcriptional feedback circuitry. In the small genome of the green unicellular alga Ostreococcus tauri, two of the master clock genes Timing of Cab expression1 (TOC1) and Circadian Clock-Associated1 (CCA1) appear to be conserved, but others like Gigantea or Early-Flowering4 are lacking. Stably transformed luciferase reporter lines and tools for gene functional analysis were therefore developed to characterize clock gene function in this simple eukaryotic system. This approach revealed several features that are comparable to those in higher plants, including the circadian regulation of TOC1, CCA1, and the output gene Chlorophyll a/b Binding under constant light, the relative phases of TOC1/CCA1 expression under light/ dark cycles, arrhythmic overexpression phenotypes under constant light, the binding of CCA1 to a conserved evening element in the TOC1 promoter, as well as the requirement of the evening element for circadian regulation of TOC1 promoter activity. Functional analysis supports TOC1 playing a central role in the clock, but repression of CCA1 had no effect on clock function in constant light, arguing against a simple TOC1 /CCA1 one-loop clock in Ostreococcus. The emergence of functional genomics in a simple green cell with a small genome may facilitate increased understanding of how complex cellular processes such as the circadian clock have evolved in plants.
INTRODUCTION
Living organisms are exposed to predictable 24-h cycles in their environment due to the daily rotation of the earth. Organisms have thus evolved endogenous timekeeping mechanisms in order to anticipate the solar cycle and phase essential processes, such as photosynthesis and cell division, at the most appropriate time of the day. These cell-autonomous circadian rhythms persist under constant conditions with a period of ;24 h and can be reset by environmental cues, predominantly light and temperature (Jarrett and Edmunds, 1970; Samuelsson et al., 1983; Harmer et al., 2001) . In eukaryotes, this cellular clockwork is thought to comprise multiple interlinked transcriptional/posttranslational feedback loops whereby clock proteins ultimately repress their own expression and also rhythmically regulate output genes (Dunlap, 1999; Lakin-Thomas, 2000) . In higher plants, as much as a third of the transcriptome is estimated to be circadian regulated (Michael and McClung, 2003; Covington et al., 2008; Michael et al., 2008) .
In plants, the majority of clock genes have been isolated through genetic screens for mutants with altered flowering timing or defects in the circadian expression of reporter genes, such as the Light-harvesting complex/Chlorophyll a/b Binding (LHCB/ CAB) gene (Millar et al., 1995; Hicks et al., 1996; Wang et al., 1997; Schaffer et al., 1998; Fowler et al., 1999; Park et al., 1999; McWatters et al., 2000; Nelson et al., 2000; Doyle et al., 2002; Mizoguchi et al., 2005; Onai and Ishiura, 2005) . For example, the toc1-1 Arabidopsis thaliana mutant displays a shorter period in several output rhythms, including LHCB (Millar et al., 1995; Somers et al., 1998) .
Timing of Cab expression1 (TOC1) mRNA is normally expressed around subjective dusk and belongs to the family of pseudo response regulators (PRRs) that all have been shown to play a role in the regulation of circadian rhythms (Matsushika et al., 2000; Strayer et al., 2000; Mizuno, 2004; Mizuno and Nakamichi, 2005) . Conversely, the Late Elongated Hypocotoyl (LHY) and Circadian Clock-Associated1 (CCA1) genes are expressed around subjective dawn and are MYB transcription factors of the REVEILLE family (Wang et al., 1997; Schaffer et al., 1998; Wang and Tobin, 1998; Jin and Martin, 1999; Carre and Kim, 2002) . LHY and CCA1 function to repress TOC1 expression until dusk by binding to a conserved evening element (EE) sequence found in the TOC1 promoter (Alabadi et al., 2001) . Mutants overexpressing either LHY or CCA1 display arrhythmic expression of LHCB (CAB2) and leaf movements, further indicating that both genes are central to the Arabidopsis clock (Alabadi et al., 2002; Mizoguchi et al., 2002) . The low levels of CCA1 and LHY mRNA observed in the toc1-2 loss-of-function mutant led to the proposal that TOC1 is an activator of CCA1 in a transcriptional feedback loop. The robustness of rhythms in toc1 mutants, however, as well as the reduction of CCA1 and LHY mRNA levels observed in TOC1-overexpressing lines and in zeitlupe mutants, which are defective in TOC1 protein turnover, are inconsistent with a single negative feedback loop model (Alabadi et al., 2001; Makino et al., 2002) . Many more clockrelated genes have subsequently been identified in Arabidopsis, and a more complex picture of the circadian clock is now emerging.
Furthermore, mathematical modeling has been used to unravel the clock architecture with great success. For example, a three-loop mathematical model has been iteratively designed to extend the central TOC1-CCA1/LHY negative feedback loop. According to this model, two coupled oscillators involving TOC1 and GIGANTEA in the evening and LHY/CCA1 and PRR7/PRR9 in the morning, allow the tracking of dusk and dawn, respectively (Locke et al., 2005a (Locke et al., , 2005b Gould et al., 2006) . Besides TOC1, EARLY FLOWERING3 (ELF3) and ELF4 are also necessary for the activation of CCA1 and LHY under constant light conditions, and loss-of-function mutants in any of these genes leads to arrhythmic phenotypes (Schaffer et al., 1998; Hicks et al., 2001; Doyle et al., 2002; Hazen et al., 2005; Kikis et al., 2005) . The putative MYB transcription factor PCL1/LUX has also been identified as a master clock gene, since mutants displayed arrhythmia of multiple circadian outputs under free-running conditions. In these lux/pcl1 mutants, LHY/CCA1 and ELF4 expression was constitutively low, while the expression levels of TOC1 and GI, though arrhythmic, were moderately high, suggesting the existence of at least one additional feedback mechanism (Hazen et al., 2005; Onai and Ishiura, 2005) .
The multicellular nature of plant circadian models, however, coupled with their inherent genetic redundancy, adds complexity to circadian research in systems such as Arabidopsis. By contrast, unicellular, small genome organisms, such as cyanobacteria and miscellaneous fungi, are better suited to molecular approaches toward delineating these multiple interconnected feedback loops and their input and output pathways (Roenneberg and Merrow, 2001 ). This direction is supported by the results of a large forward genetics screen, recently performed in a Chlamydomonas reinhardtii line carrying a chloroplast luciferase reporter gene, which led to the discovery of six plant-like clock genes, among more than a hundred circadian mutants, including several MYB transcription factors related to CCA1, LHY, and LUX as well as a CONSTANS-like gene (Matsuo et al., 2008) .
Though Chlamydomonas is now emerging as a powerful unicellular model system for genetic studies of the circadian clock, it has approximately the same genome size and complexity as Arabidopsis. In addition, reverse genetic approaches, including gene silencing and expression of foreign transgenes, remain difficult in the nuclear genome of Chlamydomonas (Cerutti et al., 1997; Leon and Fernandez, 2007) . Among green microalgae, several genomes of Prasinophyta have been, or are being, sequenced, including the genus Ostreococcus (Robbens et al., 2005; Palenik et al., 2007) . Ostreococcus tauri has a minimal cellular organization and has been described as the smallest living eukaryote (Courties et al., 1994) . This marine picoeukaryote has a compact genome (12.56 Mb, i.e., one-tenth the size of Arabidopsis or Chlamydomonas) that is very gene rich (85% protein coding), with average intergenic regions smaller than 200 bp and very low gene redundancy. As such, it constitutes an appealing circadian model organism, since cell division, regulated by a reduced number of cyclin-dependent kinases, was recently shown to be under circadian regulation (Robbens et al., 2005; Moulager et al., 2007) .
In Ostreococcus, we identified two putative homologs of higher-plant core clock genes, namely TOC1-and CCA1-like, referred to as TOC1 and CCA1. To address the function of these genes, we developed stably transformed lines expressing luciferase reporter genes in order to monitor TOC1 and CCA1 transcriptional and translational activity under different photoperiods and under constant light. A vector system was designed for gene function analysis, through overexpression or antisense knockdown. Using these techniques, we observed that TOC1 displayed the hallmarks of a core clock gene, as it was involved in the circadian regulation of its own expression, as well as that of CCA1 and a rhythmically expressed output gene (CAB/LHCB). Furthermore, CCA1 was observed to bind to a conserved EE essential to the circadian regulation of TOC1 promoter activity. Lines that overexpressed CCA1 exhibited an altered rhythmic phenotype and reduced TOC1 levels. Repression of CCA1, however, had no effect on the circadian expression of either TOC1 or CAB under free-running conditions, which is inconsistent with a minimal clock architecture based on a simple CCA1/TOC1 negative feedback loop.
RESULTS

Identification of TOC1 and CCA1 Homologs in Ostreococcus
Homologs of known Arabidopsis clock genes were searched for in the fully sequenced genomes of the green unicellular algae O. tauri and C. reinhardtii as well as in that of the red alga Cyanydioschyzon merolae. Circadian clock genes such as CCA1 have been shown to be conserved in angiosperms (Murakami et al., 2003; Takata et al., 2008) ; however, we were not able to identify putative homologs of plant clock genes based on full sequence conservation. Therefore, conserved domains of plant clock genes such as MYB REVEILLE, GARP DNA binding, PAS/ LOV, receiver, or CCT were queried in the sequence databases. Two putative homologs of higher-plant master clock genes were found in O. tauri. They corresponded to a PRR-like protein (five members in Arabidopsis, including TOC1) and a member of the REVEILLE family (11 members in Arabidopsis, including CCA1/ LHY) referred to as Ostreococcus TOC1 and CCA1, respectively (Figures 1A and 1B; see Supplemental Table 1 online ). An as yet unidentified TOC1 homolog was also found in the Chlamydomonas genome. The phosphate acceptor aspartyl residue, conserved in functional response regulators, was found only in Ostreococcus (Mizuno and Nakamichi, 2005) . Close homologs of CCA1/LHY exhibited the conserved I/LPPPRPKRKPXXPYPQ/ RK signature near the MYB domain in Cyanidioschyzon, Chlamydomonas, and Ostreococcus ( Figure 1B) . Homologs of other known core clock genes, such as ELF3, ELF4, GI, and ZTL, were not identified in Ostreococcus, but CONSTANS and sequences containing a GARP domain (found in Arabidopsis LUX) were identified both in Ostreococcus and Chlamydomonas (Onai and Ishiura, 2005; Matsuo et al., 2008) . In both microalgae, a GARP domain-containing protein displayed an additional receiver domain typical of B-type response regulators and is referred to as RRB in Ostreococcus.
Since TOC1 and CCA1/LHY were the first clock genes to be identified in Arabidopsis, and are the best characterized, we hypothesized an evolutionarily conserved role for these genes in the green lineage and therefore chose to focus this first functional study of Ostreococcus clock components upon the homologs of TOC1 and CCA1.
Microarray analysis of transcript expression patterns for TOC1 and CCA1 from cells cultivated under clock entraining conditions of 12-h-light/12-h-dark cycles (denoted as LD: 12,12) revealed that TOC1 exhibits a sharp peak of mRNA at the light/dark transition that was coincident with the trough of CCA1 transcript ( Figure 1C ). CCA1 expression closely followed that of TOC1, reaching a plateau in the middle of subjective night and decreasing before dawn.
Development of Genetic Transformation and Use of a Luciferase Reporter Strategy to Investigate the Function of TOC1 and CCA1 Genes in Ostreococcus
Circadian studies rely on long-term monitoring of biological rhythms. The luciferase reporter gene strategy, initially developed in Arabidopsis, is commonly used to follow in vivo promoter activity, and more recently protein synthesis, over long periods of time (Millar et al., 1992; Farre and Kay, 2007) . We have implemented this strategy in Ostreococcus. The pOtluc vector was designed to introduce transcriptional reporters (promoter of interest driving the expression of luciferase) or translational fusions (gene of interest including coding region upstream of luciferase) into Ostreococcus cells (see Supplemental Figure 1 online). Linearized DNA was introduced by electroporation, and efficiencies up to 1000 stable transformants/micrograms of DNA were obtained. DNA gel blot analysis revealed between one and three gene insertion events per line (average of 1.5 copies; see Supplemental Figure 2 online). The luminescence level was not correlated with the number of inserted constructs, indicating that the level of expression may depend mostly on the insertion site as previously reported in plants (van Leeuwen et al., 2001) . For all lines, the ratio of hybridization signal between the inserted copy and the endogenous gene was never below 1, suggesting that the genome of Ostreococcus is haploid in our culture conditions. TOC1 and CCA1 reporter lines were entrained under light/dark (LD) cycles of three different photoperiods, LD: 12,12; long days of 18-h-light/6-h-dark cycles (LD: 18,6), and short days of 6-h-light/18-h-dark cycles (LD: 6,18), and transferred to Phases of promoter activity and protein synthesis were advanced under short days relative to long days, indicating that both TOC1 and CCA1 expressions adjusted to anticipate the time of dusk (see Supplemental Figure 3 online). The amplitude of oscillations increased with the daylength for both translational reporter lines and for PTOC1:Luc ( Figure 2D ). Our results suggest that TOC1 and CCA1 expression is coregulated by diurnal and circadian factors as they exhibit amplitude and typical circadian patterns of phase adjustment to photoperiod length Roenneberg et al., 2005; Merrow et al., 2006; Perales and Mas, 2007) . 
TOC1 and CCA1 Promoter Activity and Protein Synthesis Are under Circadian Regulation
To monitor circadian rhythms, cell lines were entrained under LD: 12,12 entraining conditions before release into constant light (LL), corresponding to a condition where the circadian clock is free-running. Both TOC1 and CCA1 reporter lines displayed sustained oscillations in LL, indicating that TOC1 and CCA1 transcription and protein synthesis are under circadian regulation ( Figure 3 ). Phases of all reporter lines, except TOC1:Luc, stayed as they were under entrainment conditions, with PTOC1: Luc peaking at the beginning of the subjective night and both PCCA1:Luc and CCA1:Luc peaking at the end of the subjective night ( Figures 3A and 3B ). Upon transition to constant light, TOC1:Luc luminescence continued to increase until 16 to 18 h after the lights were turned on. This resulted in a higher peak, the phase of which was delayed by about 4 h compared with LD. The free-running period of all reporter lines was close to 24 h, except for TOC1:Luc, which displayed a period ;2 h longer ( Figure 3C ).
Period lengthening resulted, therefore, in a superimposition of TOC1:Luc and PCCA1:Luc (and CCA1:Luc) signals after one cycle in LL. This appears to be globally inconsistent with TOC1 and CCA1 acting in a simple transcriptional feedback loop if TOC1:Luc and CCA1:Luc do not have any effect on the freerunning period of the clock. Period lengthening has been documented in Arabidopsis when TOC1 expression was increased upon introduction of additional TOC1 copies through TMG constructs (Mas et al., 2003) . Therefore, it is conceivable that the introduction of an extra copy of TOC1, in the form of TOC1:Luc, similarly lengthens free-running period in Ostreococcus due to gene dosage sensitivity.
Rhythmic robustness in LL of TOC1 and CCA1 clearly indicates that both are under circadian regulation at the transcriptional and posttranscriptional levels.
Misexpression of Either TOC1 or CCA1 Disrupts Circadian Entrainment
To characterize the genetic interactions between TOC1 and CCA1 and their role within the Ostreococcus clock, the pOtox vector was designed to overexpress genes of interest in sense or antisense orientation under the control of the high-affinity phosphate transporter (HAPT) promoter (see Supplemental Figure 4 online). The HAPT gene encodes one of the most abundant transcripts in Ostreococcus ESTs. The 100-nucleotide-long HAPT promoter drives luciferase expression at a 10 times higher level than the TOC1 and CCA1 promoters and moreover displays constitutive activity under constant light (see Supplemental Figure 5 online).
Overexpression (-ox) or repression (antisense; -as) constructs of TOC1 and CCA1 were introduced into representative TOC1: Luc and CCA1:Luc backgrounds. In addition, a transcriptional reporter line, in which the CAB/LHCB promoter drives luciferase expression (PCAB:Luc) was also used to monitor circadian regulation of photosynthetic output pathways, as in plants (Millar et al., 1992) . Screening for altered rhythmic phenotypes of transformed lines was achieved in LL after LD: 12,12 entrainment (Figure 4 ; see Supplemental Figures 6 and 7 online). Each line with a defective rhythmic phenotype was screened at least three times (see Methods).
CCA1 overexpression greatly dampened or totally abolished the rhythmic expression of TOC1:Luc in most lines, as well as affecting the rhythmicity of CCA1:Luc (Figure 4 ). By contrast, antisense knockdowns of CCA1 expression barely affected rhythmicity of TOC1:Luc lines under LL (n = 17, eight trials). CCA1 activity might simply be more robust to our antisense strategy for knockdown, as suggested by quantitative RT-PCR experiments (see Supplemental Figure 8 online). Alternatively CCA1 may be only indirectly relevant to the circadian regulation of TOC1 expression under constant conditions.
Overexpression of TOC1 dramatically disrupted TOC1:Luc and CCA1:Luc rhythmicity under constant light in the majority of lines (Figure 4) . Interestingly, downregulation of TOC1 by antisense also resulted in arrhythmia of the CCA1:Luc signal. Misexpression of TOC1 or overexpression of CCA1 led to arrhythmia or dampened rhythmicity in the majority of PCAB:Luc lines, whereas, as in the TOC:Luc background, CCA1 knockdown (CCA1-as) had no effect (n = 30) (Figure 4 ). Overexpression phenotypes correlated with increased levels of transcripts as confirmed by quantitative RT-PCR, and TOC1 transcript levels in TOC1-as/CCA1:Luc lines were seen to be reduced (see Supplemental Figure 9 online).
Sustained rhythmicity under free-running conditions usually indicates that the clock has readily entrained to LD cycles. Arrhythmia under LL, however, may mask some underlying oscillations or alternatively imply some disruption of entrainment When the phase of the entraining cue matches the phase of the circadian clock, entrainment can occur and result in the establishment of a stable phase relationship between external and internal time. When the period of entrainment is approximately half of the endogenous free-running period, then circadian rhythms (unlike driven rhythms) skip a cycle every other cycle (Roenneberg et al., 2005) . Under LD 6:6, the photoperiod cycle thus occurs twice per circadian cycle entraining the clock with a 24-h periodicity (Merrow et al., 1999) . By contrast, expression of genes in clock mutants has been reported to be driven solely by external cues in plants and fungi (Roenneberg et al., 2005; Nozue et al., 2007) . Selected arrhythmic lines were therefore transferred from LL to LD: 6,6 cycles. Under these conditions, TOC1 and CCA1 translational reporter lines exhibited a 24-h circadian pattern of protein expression that reflected coincidence between circadian and diurnal regulation at every other cycle, allowing the expression of TOC1 during the light period when CCA1 was low and the converse ( Figure 5 ). By contrast, TOC1-ox/CCA1:Luc, TOC1-as/CCA1:Luc, and CCA1-ox/TOC1:Luc lines that were arrhythmic under LL displayed expression that was directly driven by the LD: 6,6 cycle, implying that the capacity for entrainment was impaired ( Figure 5 ; see Supplemental Figure 8 online). Intriguingly, a similar pattern was observed for four out of six analyzed CCA1-as/TOC1:Luc lines, which responded equally to light every LD: 6,6 cycle, indicating that under these conditions, CCA1 is required for the proper entrainment of TOC1 expression ( Figure 5 ). CCA1 transcript levels in CCA1-as/TOC: Luc lines were reduced at most by 34% (see Supplemental Figure 9 online).
In both TOC1:Luc and CCA1:Luc backgrounds, the majority of CCA1-ox lines with altered rhythmicity (either arrhythmic or with dampened rhythmicity) exhibited a lower luminescence level than did control lines, suggesting that CCA1 overexpression repressed endogenous expression of both CCA1 and TOC1 ( Figures 6A and 6B) . Conversely, screening of TOC1-ox/CCA1: Luc lines showed that CCA1:Luc luminescence levels were constitutively higher in rhythmically deficient lines, suggesting an activating role of TOC1 on CCA1 expression. While there was also a tendency toward higher luminescence levels for TOC1-ox in a TOC1:Luc background (in four of seven lines), the effect was not significant, as judged from the overlapping error bars ( Figure 6D ).
The EE Binds CCA1 in Vitro and Is Essential for the Circadian Regulation of the TOC1 Promoter
In Arabidopsis, CCA1 was reported to bind the consensus EE in the TOC1 promoter (Alabadi et al., 2001 ; Michael and McClung, 2002). As a perfectly conserved EE (AAAATATCT) was identified at position 2100 in the TOC1 promoter region, we tested the interaction of recombinant CCA1 protein with EE sequences. Gel electrophoretic mobility shift assays showed a specific interaction between CCA1 and the EE motif in both the Ostreococcus TOC1 promoter and the Arabidopis EE consensus sequence (Harmer and Kay, 2005) (Figure 7A ). A change of three nucleotides in the EE to mEE (AAAAgcTtT) was sufficient to abolish this interaction.
A regulatory role for the EE in TOC1 promoter activity was investigated through analysis of luciferase lines reporting the rhythmicity of the TOC1 promoter when similarly mutated in the EE (mPTOC1:Luc). Under constant light, the rhythmicity of mPTOC1:Luc lines was disrupted ( Figure 7B ). Ten out of 28 lines were arrhythmic, and 18 displayed dampened rhythmicity. To test whether the change in promoter activity was due to a loss of circadian regulation, and not to a direct light response that might mask circadian regulation, we analyzed arrhythmic lines under LD: 6,6 cycles ( Figure 7C ). PTOC1:Luc control lines transferred from LL to LD: 6,6 exhibited a 24-h biphasic pattern similar to those observed for the TOC1:Luc reporter. By contrast, arrhythmic mPTOC1:Luc exhibited a direct light response every 12-h cycle. These observations indicate that the EE is an important element for circadian regulation of the TOC1 promoter activity. These results also suggest a light-dependent activation of the TOC1 promoter since its activity increases with every light period in mPTOC1:Luc lines but with every other light period in PTOC1:Luc.
DISCUSSION
Conservation of Clock Proteins in Photosynthetic Organisms Supports a Common Evolutionary Origin of Green Clocks
The search for putative master clock genes in the genome of the three algae Chlamydomonas, Ostreococcus, and Cyanidioschyzon revealed that a CCA1-like MYB transcription factor is the only known master clock gene found in these distantly related photosynthetic organisms from the green and red lineages. TOC1-like genes identified by the receiver domain and the conserved C-terminal region were found only in the two green algae (Figure 1 ; see Supplemental Table 1 online) . Surprisingly, TOC1 has not been identified by forward genetic approaches in Chlamydomonas, although we did identify a putative TOC1-like sequence in silico (Matsuo et al., 2008) . Interestingly, among TOC1 homologs identified to date, only Ostreococcus TOC1 may be a true response regulator since it alone displays the conserved aspartyl residue required for phosphotransfer in all response regulators. That conserved clock components are found in evolutionarily distant photosynthetic organisms is presumed to bear witness to a common origin for plant clock genes. Based on functional and in silico analysis, however, it is likely that the specific clock mechanisms have diverged. The Arabidopsis clock is currently viewed as three interconnected loops involving CCA1/LHY, at least three PRRs including TOC1, and GI, as well as additional proteins found only in land plants, such as ELF4 and ZTL . In Ostreococcus, the simpler cellular organization and reduced number of putative components, compared with higher plants such as Arabidopsis, should be of great advantage in understanding the basic mechanisms that sustain circadian systems.
TOC1 and CCA1 Are Differentially Involved in the Circadian Clock of Ostreococcus
While Ostreococcus TOC1 expression is similar to that of its plant homologs, peaking at dusk or at the beginning of the night (Strayer et al., 2000; Nakamichi et al., 2004) , Ostreococcus CCA1 displays a different profile (Wang and Tobin, 1998; Mizoguchi et al., 2002; Nakamichi et al., 2004) (Figure 2 ; see Supplemental Figure 3 online). In Arabidopsis, CCA1 expression rises late in the night, anticipating dawn and exhibiting a sharp peak after the lights come on. By contrast, Ostreococcus CCA1 expression begins much earlier, shortly after TOC1 increases, and persists until late in the night. Short days advanced the relative phase of both CCA1 and TOC1 expression, whereas long days slightly delayed them (Figure 2 ; see Supplemental Figure 3 online).
The TOC1 gene displays several features expected of a core clock gene as it is able to regulate both its own expression and that of output genes such as CAB (Figure 4 ; see Supplemental Figure 6 online). TOC1 also appears to be involved in sustaining circadian rhythmicity under free-running conditions as TOC1 overexpression or antisense knockdown resulted in arrhythmia of CCA1:Luc and PCAB:Luc. In addition, TOC1:Luc and CCA1: Luc expressions under LD: 6,6 cycles appear to be driven rather than entrained in TOC1-ox/-as lines ( Figure 5 ; see Supplemental Figure 8 online). Ostreococcus TOC1-as lines exhibited an arrhythmic phenotype that contrasts with the short period phenotype of the Arabidopsis TOC1 loss-of-function mutant (Alabadi et al., 2001) . This difference suggests that in Ostreococcus, TOC1 functions as part of a central oscillatory mechanism that, unlike in Arabidopsis, cannot be rescued efficiently by other feedback mechanisms (like the PPR7/PRR9-LHY/CCA1 feedback loop) to maintain circadian function and serves to highlight the greater functional redundancy in land plants.
The role of CCA1 is rather puzzling because the CCA1-as/ TOC1:Luc and CCA1-as/PCAB:Luc lines remained rhythmic under constant light but exhibited a driven rhythmicity under LD: 6,6, reflecting an overtly altered circadian regulation (Figures  4 and 5) . Therefore, CCA1 might not be as critical as TOC1 for clock function in Ostreococcus, or it might be more specifically involved in gating cues for resetting, ensuring the proper entrainment of TOC1 expression ( Figure 5) . It is also possible that CCA1 levels in these lines remained sufficient to sustain rhythmicity in LL but not high enough to block the induction of TOC1 in the light periods of LD 6:6. The development of loss-of-function mutants by knockout should allow this question to be addressed in the future.
Taken together, our results suggest that as in higher plants, TOC1 and CCA1 are involved in the circadian function of Ostreococcus but that TOC1 plays a more important role in sustaining rhythmicity under free-running conditions.
The Circadian Clock of Ostreococcus Is More Complex Than a Simple TOC1/CCA1 Feedback Loop
Based on the expression patterns of TOC1 and CCA1 and the occurrence of a perfectly conserved EE in the TOC1 promoter, we first hypothesized that, as proposed in higher plants, CCA1 might repress the expression of TOC1 through binding to the EE element ( Figure 7) . We showed that Ostreococcus CCA1 binds in vitro to the EE of the Ostreococcus TOC1 promoter. In addition, the EE appears to be essential for proper regulation of the TOC1 promoter, since mutation of the EE alters the circadian-regulated activity of the TOC1 promoter under free-running conditions, as also reported in Arabidopsis, as well as under LD: 6,6 (Alabadi et al., 2001 (Alabadi et al., , 2002 . This illustrates that higher plants and green microalgae share not only common clock components but also similar mechanisms that regulate transcription, which are likely to have evolved before the emergence of land plants. Analysis of luminescence levels indicates that CCA1 likely represses TOC1 because in most of the arrhythmic CCA1-ox/TOC1:Luc lines, expression of TOC1:Luc was constitutively low (Figure 6 ). Similarly CCA1:Luc levels were low in CCA1-ox/CCA1:Luc as would be expected if the constitutive overexpression of CCA1 inhibited the TOC1-dependent activation of CCA1:Luc. Based on these observations, it is tempting to speculate that CCA1 might repress TOC1 promoter activity, as proposed in higher plants (Alabadi et al., 2001; Perales and Mas, 2007) , but this remains to be shown. Further development of tools, such as an inducible expression system, would be required to test this hypothesis in Ostreococcus.
TOC1 clearly plays an essential role in the Ostreococcus clock since both repression and overexpression of TOC1 leads to arrhythmia of CCA1:Luc under free-running conditions. ( Figure  4 ). In addition, the severity of CCA1:Luc rhythmicity defects was correlated with the level of TOC1 overexpression (see Supplemental Figure 9 online).The higher luminescence levels observed in arrhythmic lines overexpressing TOC1 in CCA1:Luc backgrounds is globally consistent with TOC1 being an activator of CCA1 (Figure 6 ). Furthermore, CCA1:Luc levels were reduced in TOC1-as lines, consistent with TOC1 being an activator of CCA1. The variability of TOC1:Luc expression levels in arrhythmic TOC1-ox/TOC1:Luc lines is puzzling in the context of a simple TOC1/CCA1 clock model, since overexpression of TOC1 should trigger increased levels of CCA1, which in turn would repress TOC1 transcription. Together, our results support the notion that the clockwork of Ostreococcus is likely to be more complex than a simple TOC1/CCA1 single loop mechanism, as is also the case in higher plants.
In conclusion, we have shown that the only functional core clock genes thus far identified in Ostreococcus are differentially implicated in sustaining rhythmicity. The clock is extremely sensitive to changes in TOC1 levels, perhaps because TOC1 is the only PRR-like protein in Ostreococcus. In addition, we showed that the CCA1 binding site in the TOC1 promoter is required for its circadian activity. Functional analysis is globally consistent with TOC1 activating CCA1 transcription and CCA1 repressing TOC1 transcription, with the reduced time interval between TOC1 and CCA1 peaks being compatible with such a system. However, several lines of evidences, such as the robustness of the clock to CCA1 repression in LL, suggest the existence of additional unidentified components. Indeed, CCA1 might be more specialized toward gating light entry to the clock, as illustrated in LD: 6,6 cycles. It is therefore unlikely that the Ostreococcus clock simply reflects a reduced version of that in Arabidopsis. Together, in silico and functional analysis suggest that clock genes, such as TOC1 and CCA1, arose early in evolution, in a common ancestor of Chlorophyta and Streptophyta, whereas other clock genes, such as GI, ELF3, or ELF4, evolved afterwards in terrestrial plants. A future challenge will be to identify other genes involved in the circadian clock of Ostreococcus and determine to what extent they are shared with other plant lineages. Though in its infancy, circadian research in simple photosynthetic organisms should aid the understanding of how green clocks have evolved and help in unraveling their architecture. Beyond circadian research, the development of Ostreococcus as a new model system opens the way for a better understanding of how complex biological processes are coordinated in simple photosynthetic organisms; this in turn may lend insight to delineating similar systems in higher plants.
METHODS
Cloning Strategy and Vector Construction
PCR amplification of the promoter sequences (entire intergenic region), full genes, or open reading frames for TOC1, CCA1, CAB, Histone H4, and HAPT was achieved with the Triple Master polymerase mix (Eppendorf). Cloning primers are listed in Supplemental Table 2 online. For ease, a subcloning step in the pGEMT vector (Promega) was performed in all cases. The pOtLuc vector (see under accession numbers) was designed to report gene expression by fusion of the promoter or the full gene in frame to the luciferase coding region from pSP-luc+NF (Promega; see Supplemental 
Algal Material and Culture Conditions
O. tauri strain 0TTH0595 was grown in aerated flasks (Sarstedt) or white 96-well microplates (Nunc; Perkin-Elmer) under constant illumination or under appropriate LD cycles (at 16 to 32 mmole·quanta··cm 22 ·s 21 ). For time course luminescence recordings, cells were refreshed in culture medium with luciferin (20 mM) at a final density of 4 to 10 3 10 6 cell/mL. Entrainment was achieved during 8 d under LD cycles (16 mmole·quanta · cm 22 ·s 21 ) during which the final 2 d were performed under recording conditions. Release into LL was performed at the same or decreased intensity for phase shifting experiments (16 mmole·quanta ·cm 22 ·s 21 or at 8 mmole·quanta ·cm 22 ·s 21 ). To test entrainment properties, cells grown in constant light were transferred to new medium with luciferin in recording conditions under LD. For mRNA and protein analysis, batch cultures were grown in aerated plastic flasks.
Ostreococcus Genetic Transformation and Line Selection
Fifty milliliters of O. tauri (3 3 10 7 cell/mL) grown under LL were harvested by centrifugation (8000g, 8 min, 108C) after addition of pluronic acid F-68 to 0.1% w/v (Sigma-Aldrich). To remove salts, the pellet was gently resuspended in 1 mL 1 M sorbitol and centrifuged (8000g, 5 min, 108C) twice. Cells resuspended in 50 to 80 mL sorbitol (2 to 3 3 10 10 cells per mL) were incubated on ice for 10 min with 5 mL of linearized DNA (1 mg/mL) and transferred into an electroporation cuvette. Electroporation was performed using a Gene Pulser apparatus (Bio-Rad), field strength 6 kV/ cm, resistor 600 V, capacitor 25 mF. Cells were carefully transferred into 40 mL of culture medium for 24 h. Stable transformant colonies were selected in semisolid medium at 0.2% w/v agarose (low-melting-point agarose; Invitrogen) in Keller medium supplemented with the appropriate antibiotic (1 mg/mlL G418 or 2 mg/mL nourseothricin). Inclusion was performed by mixing 0.5 to 1 mL of cell culture (1 to 3 3 10 7 cell/mL) with 10 mL of culture medium containing melted agarose in a Petri dish. Plates were placed in a wet chamber under constant light. After 10 to 20 d, individual clones were transferred in liquid medium to 96-well microplates until they reached stationary phase (4 to 6 3 10 7 cell/mL). CloNAT (nourseothricin; WERNER BioAgents) or G418 (Calbiochem) resistant transformants were further checked either by DNA gel blot or by PCR using primers specific for the transgene. DNA was extracted with DNAeasy plant mini kit (Qiagen). For DNA gel blots, 1 mg of DNA was digested with appropriate enzymes, migrated in a 0.8% TAE agarose gel, and transferred onto Hybond N + membrane (Amersham) used for DNA gel blot experiments. A 1.4-kb radiolabeled fragment corresponding to the 59 region of the TOC1 gene, including TOC1 promoter, detects both the endogeneous TOC1 gene in wild-type cells and inserted copies of TOC1 in TOC1:Luc transformed lines.
Screening of Transformants
The pOtLuc vector was used to fuse any promoter or full gene of interest in frame with firefly luciferase (see Supplemental Figure 1 online). Transformants resistant to G418 and selected on the basis of reproducible patterns of luminescence were grown to saturation in microplates under LD conditions. Cells were refreshed at fixed-cell density in luciferinsupplemented culture medium. Two more LD cycles were performed before starting the automated recording of luminescence under constant light. The pOtox vector (see Supplemental Figures 5 and 6 online) was used to overexpress, in sense or antisense orientation, the coding region of interest in selected luciferase reporter backgrounds. Transformants resistant to CloNAt were screened for severe defects in rhythmicity of the luciferase reporter under LL. Experiments were repeated from 3 to 10 times with at least one duplicate per experiment. Bioluminescence traces were analyzed manually and with BRASS (Biological Rhythms Analysis Software System, P.E. Brown, Warwick University). Rhythmicity phenotypes were assessed at various cell densities. Comparison of luminescence levels was achieved using lines at similar cell densities to ensure similar growth between wells.
Data Acquisition and Analysis
Luminescence was acquired for 5 s every hour (Berthold LB Centro automated luminometer). Statistical analyses were performed using BRASS. Normalization of luminescence to the mean level was automatically achieved with the BRASS function. Fast Fourier transform nonlinear least square fit analysis (Plautz et al., 1997) was used to estimate relative amplitude error (RAE; a measure of goodness-fit to a theoretical sine wave) that was taken as an objective measure for rhythmicity of bioluminescence traces (O'Neill and Hastings, 2008) . Analysis was performed on at least three independent experiments. Lines displaying RAE above 0.5 in all experiments were considered as arrhythmic (ar), and lines displaying RAE between 0.3 and 0.5, at least once, as dampened rhythmic (dr).
Luciferase in Vitro Assay
Cells were ground in lysis buffer (100 mM potassium phosphate, pH 7.8, 1 mM EDTA, 1 mM DTT, 1% Triton X-100, and 10% glycerol). Luciferase assays were performed in a luminometer Centro LB 960 (Berthold Technologies) after injection of luciferase assay reagent (20 mM Tricine, pH 7.8, 5 mM MgCl 2 , 0.1 mM EDTA, 3.3 mM DTT, 270 mM CoA, 500 mM luciferin, and 500 mM ATP). Luminescence was normalized to the total amount of protein.
RNA Extraction, Whole-Genome Expression Analysis, and Quantitative RT-PCR Analysis RNA was extracted using the RNeasy-Plus mini kit (Qiagen). Quantitative RT-PCR was performed as previously described (Moulager et al., 2007) . Real-time PCR was performed on a LightCycler 1.5 (Roche Diagnostic) with LightCycler DNA Master SYBR Green I (Roche Molecular Biochemicals). Primers were designed with LightCycler Probe Design2 software (Roche Diagnostic). For quantification of RNA in antisense lines, reverse primers were designed against 39 untranslated regions so that only the native transcript was quantified. Primers are available in Supplemental Table 2 online. Results were analyzed using the comparative critical threshold (DDCT) method. The O. tauri elongation factor 1 a (EF1a) was used as internal reference. The analyses were performed in duplicate. Microarray expression data were obtained from a time courses performed in triplicate, over 27 h, at 3-h intervals over three 12:12 light/dark cycles (Moulager et al., 2007) . Pan-genomic Ostreococcus slides (24K) manufactured in the Rennes Transcriptome Platform (France) were based on genespecific 50-mer oligonucleotides. In short, total RNAs (350ng) were amplified and labeled using a two-color labeling protocol. For each hybridization, the reference sample corresponded to a pool of all stages under investigation, so that it represents an average expression of the genome. Detailed methods have been previously described (Moulager et al., 2007) 
Gel Shift Mobility Assay
The CCA1 open reading frame was cloned into pGEX bacterial expression vector (Amersham) for glutathione S-transferase (GST) recombinant protein production using specific primers (see Supplemental Table 2 online). The GST-CCA1 protein was produced in Escherichia coli (BL-21 strain; Stratagene) according to the manufacturer's instructions (induction with 0.4 mM IPTG, 208C overnight) and loaded on a Histrap GSTsepharose column. Elution was performed after cleavage of the GST tag with the precision enzyme according to the manufacturer's instructions (GE Healthcare). Gel shift mobility assays were performed essentially as previously described (Schwartz et al., 2000) . Protein-DNA binding reactions were performed in a buffer containing 10 ng of recombinant CCA1, 1 ng of 32P-59-end-labeled double-strand probe (annealed oligonucleotides), 1 mg of poly(dI-dC), 50 ng of sonicated salmon sperm DNA, 10 mM MgCl 2 , 25 mM KCl, 1 mM DTT, 12.5 mM HEPES, pH 7.8, 10% glycerol, and 0.05% Nonidet P-40. Mixtures were incubated for 15 min at 48C, and protein-DNA complexes were analyzed by electrophoresis on a 6% polyacrylamide gel in 0.253 Tris-buffered EDTA. To check the specifity of the DNA-protein interaction, competing unlabeled probe was added at 5-, 25-, 50-, or 100-fold molar excess to the labeled probe. Sequences of probes are listed in Supplemental Table 2 
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